DNA mismatch repair is central to the maintenance of genomic stability. It is initiated by the recognition of base-base mismatches and insertion͞deletion loops by the family of MutS proteins. Subsequently, ATP induces a unique conformational change in the MutS-mismatch complex but not in the MutS-homoduplex complex that sets off the cascade of events that leads to repair. To gain insight into the mechanism by which MutS discriminates between mismatch and homoduplex DNA, we have examined the conformations of specific and nonspecific MutS-DNA complexes by using atomic force microscopy. Interestingly, MutS-DNA complexes exhibit a single population of conformations, in which the DNA is bent at homoduplex sites, but two populations of conformations, bent and unbent, at mismatch sites. These results suggest that the specific recognition complex is one in which the DNA is unbent. Combining our results with existing biochemical and crystallographic data leads us to propose that MutS: (i) binds to DNA nonspecifically and bends it in search of a mismatch; (ii) on specific recognition of a mismatch, undergoes a conformational change to an initial recognition complex in which the DNA is kinked, with interactions similar to those in the published crystal structures; and (iii) finally undergoes a further conformational change to the ultimate recognition complex in which the DNA is unbent. Our results provide a structural explanation for the long-standing question of how MutS achieves mismatch repair specificity.
D
NA mismatch repair (MMR) is a highly conserved repair pathway targeting mismatched bases that arise through DNA replication errors and during homologous recombination (1) (2) (3) . Inactivation of MMR genes results in a significant increase in the spontaneous mutation rate and, in humans, a predisposition to cancer (4) . Escherichia coli provides the best-understood MMR system and serves as a prototype for the more complicated but homologous eukaryotic systems (5) . In E. coli, the proteins MutS, MutL, and MutH are responsible for the initiation of MMR (6) . MutS and MutL function as dimers and have intrinsic ATPase activities that are essential for MMR (7, 8) . MMR is initiated by the binding of MutS to either a mismatch or a short insertion͞deletion loop (IDL). Subsequently, ATP induces a conformational change in the MutS-mismatch complex and promotes its interaction with MutL. Assembly of the MutS-MutL-heteroduplex complex activates the endonuclease activity of MutH, which incises the newly synthesized (unmethylated) strand at a d(GATC) site. This incision confers strand specificity of MMR, directing repair exclusively to the newly synthesized strand containing the error. Excision repair completes the process.
Crystal structures of E. coli and Thermus aquaticus (Taq) MutS dimers complexed with a G͞T base-base mismatch and a 1T-bulge, respectively, shed light on the structural components of mismatch recognition (9) (10) (11) . Specific interactions include an aromatic ring stack of a conserved phenylalanine (Phe-39 in Taq or Phe-36 in E. coli) with the mismatched thymine and a hydrogen bond between a conserved glutamate (Glu-41 in Taq or Glu-38 in E. coli) and the mismatched thymine. Sequence-independent interactions include van der Waals interactions and hydrogen bonds between the DNA backbone and side chains of MutS. As a result of these protein-DNA interactions, the DNA is sharply kinked toward the major groove by 60°at the mismatch site (9, 10) .
A fundamental problem in MMR is one of specificity, i.e., how recognition of a mismatch by MutS triggers repair. It has been demonstrated that MMR efficiency is not simply governed by the binding of MutS to a mismatch (12) . Several models have been proposed to describe the initiation event in MMR (7) . Although the exact mechanism of initiation has not been fully elucidated, there is general agreement that a key step is an ATP-induced conformational change in MutS that occurs only when MutS binds to a mismatch (11, (13) (14) (15) (16) (17) (18) (19) . In this ATP-activated state, MutS appears to adopt a mobile clamp conformation that encircles the DNA. This ATP-induced mismatch-specific conformation is required for the subsequent interaction of MutS with MutL.
Insight into the mechanism of mismatch recognition and specificity can be gained by comparing the structures of MutS-DNA complexes at mismatch and homoduplex sites. In this study, we use atomic force microscopy (AFM) to characterize the conformations of specific and nonspecific MutS-DNA complexes. AFM is advantageous over bulk techniques, because it allows the conformations of MutS-DNA complexes at mismatches and those at homoduplex sites to be compared. Furthermore, the distribution of conformations within a complex population of molecules can be characterized (20) . We demonstrate that MutS adopts a single population of conformations, in which the DNA is bent when bound to a homoduplex site, but adopts two populations of conformations, bent and unbent, when bound at a mismatch site. Our results suggest that DNA bending is important for initial mismatch recognition, whereas the ability of MutS-DNA complexes to adopt an unbent conformation governs, in part, repair specificity.
Methods
Protein and DNA Substrates. E. coli His 6 -tagged MutS and Taq MutS proteins were purified as described (18, 21) . DNA substrates for AFM were created by ligating three DNA fragments, and those for electrophoresis were chemically synthesized, as described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site, and in Fig. 1a. 7.8͞50 mM NaCl͞5 mM MgCl 2 ) in a total volume of 20 l. The reaction was deposited onto freshly cleaved mica (Spruce Pine Mica Company, Spruce Pine, NC) at room temperature or 65°C. After a 1-min incubation, the mica surface was rinsed with HPLC-grade water, blotted dry, and then dried under a stream of nitrogen . The images were captured in air with a Nanoscope IIIa (Digital Instruments, Santa Barbara, CA) microscope in tapping mode. Pointprobe tapping mode silicon probes (Molecular Imaging, Tempe, AZ) with spring constants of Ϸ50 N⅐m
Ϫ1
and resonance frequencies Ϸ170 KHz were used for all imaging. Images were collected at a speed of 3-4 Hz and a resolution of 512 ϫ 512 pixels.
Image Analysis. DNA contour lengths and bend angles were measured by using either NANOSCOPE IIIA software or a custom program written in MATLAB software (Mathworks, Natick, MA). The measurements from the two methods are equivalent. The angle, , at the intersection of the two DNA arms was measured. The DNA bend angle ␣ is 180-. For measuring the intrinsic bending of DNA, circles of 10-nm radii, comparable to the size of MutS proteins in the AFM images, were put at the desired locations. Volume analysis was performed as described (22) (23) (24) The positions of the MutS-binding sites on the DNA templates were determined by measuring the length of the DNA from the intersection of the two extrapolated DNA arms to each end. The binding position was then defined as the ratio of the length of the shorter DNA tract divided by the total contour length. Complexes with centers within one standard deviation of the expected mismatch position were categorized as specific complexes. We did not endlabel the DNA to unequivocally identify the DNA ends, which means that some nonspecific complexes will be counted as specific complexes, but not vice versa. Given the relative stabilities of the specific and nonspecific complexes, the data for the specific complexes should contain Ͻ5% nonspecific complexes.
Comparative Gel Electrophoresis. One hundred nanomole Taq MutS dimer was incubated with 1 nM 5Ј-32 P-labeled DNA substrate in binding buffer A in the presence of 1 mM DTT and 0.1 mg⅐ml Ϫ1 BSA in a total volume of 10 l. For each sample, 1 nM of plasmid was included to reduce nonspecific binding of MutS to the labeled DNA. Immediately before loading, Ficoll was added to samples to a final concentration of 3%. Samples were loaded under voltage onto a 6.5% polyacrylamide gel (29:1 acrylamide to bisacrylamide) containing Tris-glycine and 5 mM MgCl 2 . Buffers also contained Tris-glycine and 5 mM MgCl 2 and were recirculated manually. After electrophoresis, gels were dried, exposed to phosphor screens, and analyzed on a Fuji BAS-1500 phosphorimager.
Results

MutS Bound to a Mismatch Exhibits Two Conformations: Bent and
Unbent. In this study, we used three DNA substrates containing uniquely located mismatches (783GT, 783Tbulge, and 982GT; where the number indicates the length of the fragment, and the letters indicate the type of mismatch) and several different homoduplex DNAs (Fig. 1a and Table 1 ). The 783GT and 783Tbulge DNAs have a G͞T mismatch and a single unpaired T, respectively, positioned 27% of the distance from one end, and the 982GT has a G͞T mismatch 42% from one end (Fig. 1a) . Representative AFM images of free DNA and DNA in the presence of E. coli and Taq MutS are shown in Fig. 1b . MutS can be clearly seen bound to the DNA in the deposition in the presence of protein. Because we know the positions of the mismatches on the DNA, we can discriminate between MutS bound at a mismatch (specific complex) and MutS bound at a homoduplex site (nonspecific complex) by measuring the distance of MutS from the ends of the DNA (see Methods). At room temperature, Ϸ60% of the MutS-DNA complexes are specific for both E. coli and Taq MutS proteins on the mismatch substrates. (If MutS was bound at multiple positions on the DNA or to the ends of the DNA, the complexes were not included in the analysis.) For all substrates that contain a mismatch, the distributions of positions of E. coli and Taq MutS are Gaussian centered at the positions of the mismatches, whereas on homoduplex DNA, the distributions of positions are random (Fig. 5 , which is published as supporting information on the PNAS web site).
To determine whether mismatched substrates have significant intrinsic bending, we measured DNA bend angles at the positions of the mismatches and at homoduplex sites in the absence of protein.
Comparison of the bend angles at the mismatches vs. at homoduplex sites does not reveal any evidence of significant DNA bending at either G͞T or 1T-bulge mismatches (Table 1) . Specifically, bend angles measured at mismatches and at homoduplex sites all exhibit half-Gaussian distributions with similar breadths centered at 0°( Table 1 ). The lack of any significant intrinsic bending of DNA containing a 1T-bulge mismatch is supported by gel electrophoresis bending analysis, shown in Fig.  2b . These results are consistent with previous studies showing that one unpaired base or a G͞T mismatch causes only a small bend in the DNA (Ͻ15°) (25) (26) (27) and suggest that MutS does not recognize a preexisting bend in the DNA.
In contrast to the free DNA, we observe significant MutSinduced DNA bending at mismatches (Fig. 1b) . This bending does not appear to involve any significant DNA looping, because the contour length of free and bound DNA is approximately the same (data not shown). Fig. 3 shows the distributions of bend angles for E. coli MutS bound to a G͞T mismatch ( Fig. 3a) and Taq MutS bound to a 1T-bulge at room temperature ( Fig. 3b ) and 65°C (Fig. 3c) . Inspection of these data reveals that both E. coli and Taq MutS induce DNA bending at a mismatch, consistent with the x-ray crystallographic data (9, 10). Interestingly, however, in addition to the bent population, there is a population of complexes that is not bent. A binomial distribution analysis 3 . Histograms of DNA bend angles induced by E. coli and Taq MutS bound to mismatch (specific complexes, Upper) and homoduplex (nonspecific complexes, Lower) sites. DNA bend angles of specific complexes are shown for E. coli MutS bound at a G͞T mismatch on the 783GT and 982GT DNA substrates (a) and for Taq MutS bound at a 1T-bulge on the 783TBulge substrate at room temperature (b) and at 65°C (c). DNA bend angles of nonspecific complexes are shown for E. coli MutS bound at homoduplex sites on 783GT and 982GT DNA substrates (d) and Taq MutS bound at homoduplex sites on 783Tbulge DNA substrate at room temperature (e) and at 65°C (f). The curves drawn in a-c are the double Gaussian fits to the data, and the curves drawn in d-f are the single Gaussian fits to the data. The parameters from these fits are shown in Table 1 . A binomial analysis shows no peak at 0°for either E. coli or Taq MutS at homoduplex sites. In addition, fitting the curves of the bend angle distributions at homoduplex sites to a sum of two Gaussians does not significantly improve the fits. Because the data for MutSinduced DNA bending at homoduplex sites and at mismatch sites are obtained from the same depositions, the possibility that the differences seen at mismatch sites and homoduplex sites are artifacts of deposition is ruled out. See Figs. 6b and 8 for additional results on nonspecific complexes.
indicates Ϫ7 for Taq MutS at both temperatures. In addition, these data do not fit well to a single Gaussian distribution, whereas they fit significantly better to a sum of two Gaussians, with peaks centered at 0°and 74°for E. coli MutS, at 0°and 42°for Taq MutS at room temperature, and at 0°and 32°f or Taq MutS at 65°C (Table 1) . Finally, two populations of complexes, bent and unbent, are also observed for E. coli MutS bound to a 1T-bulge and Taq MutS bound to a G͞T mismatch (data not shown) and for E. coli MutS bound to a G͞T mismatch in the presence of ADP (Fig. 6a , which is published as supporting information on the PNAS web site).
The breadths of the distribution are related to the flexibility of the protein-DNA complexes (28, 29). The breadths of distributions of angles for the bent states are greater than that of free DNA (Ϸ40°v s. Ϸ30°), whereas they are narrower for the unbent states relative to free DNA (Ϸ10°vs. Ϸ30°) ( Table 1 ). These results indicate that the bent state of the protein-DNA complex is more flexible than free DNA, suggesting that the ''bent state'' represents a large ensemble of states that are in dynamic equilibrium. The conformational flexibility of the complex is consistent with the observation that the DNA-binding domains of Taq MutS are disordered in the crystal structure in the absence of DNA (9) . In contrast to the bent state, the conformation of the unbent state appears to be relatively rigid (see Discussion).
For E. coli MutS, Ϸ10% of the specific complexes are in the unbent state, and for Taq MutS, Ϸ20% and Ϸ30% of the complexes are unbent at room temperature and 65°C, respectively. The ratio of the populations of the unbent state to the bent state is equal to the equilibrium constant between the two states [K(bent 3 unbent)]. This constant ranges from 0.1 (10%͞90%) for E. coli MutS to 0.5 (30%͞70%) for Taq MutS at 65°C, indicating that the unbent state is slightly less stable than the bent state (by 1.4-0.5 kcal͞mol). Interestingly, increasing the temperature from room temperature to 65°C increases the population of the unbent state by 50% for Taq MutS, indicating that as the optimum temperature for Taq MutS is approached, an increasing proportion of the complexes are in the unbent state.
If the equilibrium between bent and unbent states is rapid relative to the rate of migration of the complex in a gel, a gel electrophoresis bending experiment would reveal a single population of complexes with an apparent bend angle that is the weighted average of the bent and unbent populations (30, 31) . In contrast, if they are in a slow equilibrium, two bands would be expected: one corresponding to the bent and one to the unbent complex. Inspection of the gel electrophoresis data for Taq MutS in the presence of a series of seven 90-bp duplex DNA with a single 1T-bulge reveals a ''frown'' pattern that is characteristic of protein-DNA complexes in which the DNA is bent (Fig. 2) (32) . Only a single population of complexes is observed, suggesting that the bent and unbent conformations are in ''rapid'' equilibrium with one another. Results from comparative gel electrophoresis of the yeast and human MutS homologs MSH2-MSH6 (MutS␣) show similar results (Fig. 7 , which is published as supporting information on the PNAS web site), suggesting that this idea may also hold for these eukaryotic homologs.
These AFM data indicate that MutS bound at a mismatch can impose two different conformations on the DNA, bent and unbent. Significantly, bimodal distributions have been observed in only a few of many microscopy studies of protein-induced DNA bending (33) (34) (35) . Among these studies, human 8-oxoguanine DNA glycosylase has been found to induce bimodal distributions of DNA bending at nonspecific sites, but only a single bent population at specific sites (33) . In the other two cases, two protein species or two different DNA-binding modes were present: one involving binding via the DNA ends and the other involving direct binding to a region of duplex DNA (34, 35).
Nonspecific MutS-DNA Complexes Exhibit Only One Conformation:
Bent. One possible explanation for the unbent MutS-DNA complexes could be that they are intermediates in the formation of the bent state. Such a proposal has been put forth to explain the presence of unbent complexes at nonspecific sites for human 8-oxoguanine DNA glycosylase (33) . To address the functional significance of the unbent complexes at mismatches, we have analyzed MutS-induced DNA bending at homoduplex sites on several different DNA substrates.
Inspection of the bend-angle data (Fig. 3 d-f , Table 1 , Fig. 6b , and Fig. 8 , which is published as supporting information on the PNAS web site) reveals that both E. coli and Taq MutS induce DNA bending at homoduplex sites, with average bend angles similar to those found for the bent population of the specific complexes (Table 1) . In contrast to the specific sites, no significant population (Ͻ5%) of unbent complexes is observed at homoduplex sites (Figs.  3 d-f, 6b, and 8) . These data indicate that in the absence of specific protein-DNA contacts, the most stable conformation of MutS-DNA complexes is one in which the DNA is bent. In contrast, on making specific interactions, MutS exists in an equilibrium between conformations in which the DNA is bent and in which it is unbent. These results strongly suggest that the unbent state is not a precursor to the bent state, but rather that the bent state is a precursor to the unbent state, with the unbent state resulting from interactions unique to the specific MutS-mismatch complex. If the unbent state were a precursor to the bent state, we would expect to observe the opposite result; that is, we would expect to see bent and unbent complexes at nonspecific sites and only bent complexes at specific sites, as was seen for human 8-oxoguanine DNA glycosylase (33) .
The observation that even at a mismatch, the unbent state is less stable than the bent state, is surprising, given that it is estimated to cost Ϸ3 kcal͞mol to bend the DNA Ϸ60°(which correlates to an Ϸ200-fold effect on binding affinity) (29, 36) . (This energy may be slightly less on mismatch DNA.) Consequently, on undergoing the transition from the bent to the unbent state, the complex would gain energy from the relaxation of the DNA. These results indicate that there is either a loss of protein-nucleic acid interactions or conformational rearrangements in the protein or both. Some of the energy stored in the bent DNA must be used to drive a conformational change in MutS such that it can accommodate DNA that is not bent, because the optimum conformation of MutS-DNA complexes in the absence of specific contacts is one in which the DNA is bent.
Conformations of MutS-DNA Complexes Are Independent of Oligo-
meric States of MutS. Both E. coli and Taq MutS proteins have been shown to exist in an equilibrium of dimers and tetramers (21, 37, 38) . This observation raises the question of whether the bent and unbent populations correlate with the different oligomeric states of MutS proteins. To answer this question, we analyzed the oligomeric states of MutS-DNA complexes using a volume analysis method described previously (22) (23) (24) . This analysis reveals that under the conditions of our experiments, both E. coli and Taq MutS exist primarily as dimers and tetramers, with Ϸ50% dimers for E. coli MutS and Ϸ75% dimers for Taq MutS, independent of whether they are bound to DNA (data not shown). These results are consistent with previous biochemical studies that indicate that the oligomeric states of MutS are independent of DNA binding (21, 37) . Plots of AFM volumes of MutS vs. DNA bend angles (data not shown) show no correlation between DNA bend angles and oligomeric states of MutS-DNA complexes. These results indicate that the two populations of conformational states, bent and unbent, observed at mismatches do not result from different oligomeric states of MutS. Our simple explanation for this lack of correlation is that for the MutS tetramers, only one of the dimers is interacting with the DNA. Inspection of the AFM images of MutS-DNA complexes supports this idea. Although it is not always possible to distinguish the two dimers within a tetramer bound to DNA, in many of the images in which tetramers are bound to the DNA, it can be clearly seen that only one of them is contacting the DNA (Fig. 4) .
Discussion
In this study, we make the surprising observation that MutS-DNA complexes exhibit two populations of conformations at specific sites: one in which the DNA is bent and one in which the DNA is unbent, but only a single population in which the DNA is bent at nonspecific sites. These results indicate that the unbent state is the result of unique interactions between MutS and the mismatch base (or IDL) and suggest that the bent conformation is an intermediate in the formation of the unbent state. This suggestion is further supported by the observation of broad distributions of angles of bent complexes and narrow distributions of angles of the unbent complexes (Table 1 and Fig. 3) , suggesting that the bent state represents a dynamic complex that is sampling a large number of conformations, whereas the unbent state is relatively rigid, with a narrow distribution of bend angles typical of specific protein-DNA complexes (29, 33) .
These results, taken together with the published crystallographic data (9-11), suggest that MutS (i) binds to DNA nonspecifically and bends it (MutS:DNA BENT,NS ) in search of a mismatch; (ii) on specific recognition of a mismatch, undergoes a conformational change to an initial recognition complex (IRC) in which the DNA is kinked (MutS:DNA KINKED,SP ), with interactions similar to those in the crystal structures (9-11); and (iii) undergoes a further conformational change to the ultimate recognition complex (URC) in which the DNA is unbent (MutS:DNA UNBENT,SP ). In other words, MutS ϩ DNA º MutS:DNA BENT, NS º MutS:DNA KINKED,SP º MutS:DNA UNBENT,SP .
We propose that only the unbent URC is competent for ATP activation that leads to repair. Because ATP induces a further conformational change in the URC that is essentially irreversible on the time scale of repair, the unbent URC needs to be only modestly populated for repair to occur. In the discussion that follows, we provide additional support for this mechanism and discuss it in the context of the specificity of MMR.
Smooth Bending vs. Kinking Governs IRC Formation. In this mechanism, there are two steps that govern mismatch recognition. The first step is the formation of a MutS-mismatch complex in which the DNA is kinked at the mismatch with specific interactions between the mismatch base and MutS, as seen in the crystal structures (9, 10) . If this bent IRC is not formed, then the unbent URC cannot form; therefore, the formation of this complex plays a central role in governing MMR. Inspection of the crystal structures of MutS-mismatch complexes (9, 10) reveals that the majority of nonspecific interactions involve van der Waals interactions and hydrogen bonds between MutS and the sugar phosphate backbone of DNA in regions flanking the mismatch but not immediately adjacent to it. Assuming that these same interactions are used when MutS binds to homoduplex DNA, it is likely to be more favorable to spread the bend over several base pairs of the homoduplex DNA than to kink it locally. The presence of a mismatch or an IDL, however, would facilitate kinking locally, because there is already local destabilization at the mismatch (39) . This idea is supported by studies showing that small-molecule intercalators preferentially bind to mismatches, indicating greater local flexibility at a mismatch than at homoduplex sites (40) . This tendency to kink locally at a mismatch would provide the opportunity for phenylalanine to interact specifically with the mismatch base and permit the formation of the bent IRC, whereas, in the absence of a mismatch, the DNA would be smoothly bent, reducing the chance for the phenylalanine to interact with a correctly paired base. The preference for kinking the DNA locally at a mismatch (or IDL) vs. bending it smoothly at a homoduplex site provides a signal for MutS to check for specific interactions. In this way, MutS can rapidly scan the DNA checking for specific contacts only where MutS can induce local kinking (or where the DNA has a tendency to be kinked or both), thereby facilitating the initial identification of a mismatch. If a mismatch is present, the additional interactions that are gained by the interaction of the mismatch base with phenylalanine will further stabilize this kinked complex at the mismatch and permit the formation of the IRC. Consequently, the local flexibility around a mismatch is key to the formation of the kinked MutS-DNA conformation, as has been proposed (26, 40) . A similar role for bending in specific site recognition has been proposed for cro protein (29) .
The Relative Stability of the Bent and Unbent States Governs, in Part, MMR. Once the bent IRC is formed, it can undergo a conformational change to the unbent URC, which we propose is the complex that signals repair. The relative stability of the bent IRC and the unbent URC will determine whether a mismatch in the DNA will form an URC with MutS. If the bent IRC is significantly more stable than the unbent URC, the specific unbent recognition state will not be significantly populated; and if the unbent state must be populated to signal downstream events, no repair will ensue. Consequently, mismatches that stabilize the bent IRC relative to the unbent URC are expected to be less efficiently repaired.
Studies of T4 endonuclease VII activity on DNAs containing mismatches provide an estimate of the extent to which different DNA mismatches stabilize kinked DNA (41) . T4 endonuclease VII catalyzes the cleavage of Holliday junctions and of DNA that can be easily kinked. It exhibits low activity on all G containing mismatches; intermediate activity on A͞A, A͞C, and T͞T mismatches and single-base IDLs; and high activity on C͞C mismatches and large IDLs (Ͼ4 bases), suggesting that G containing mismatches are not easily kinked, but that C͞C mismatches and large IDLs are easily kinked.
Comparing these results with the efficiencies of repair of different mismatches by MMR indicates that those that are easily kinked are not efficiently repaired, whereas those that are not easily kinked are efficiently repaired. Specifically, in E. coli, purine-pyrimidine, purine-purine, and small IDLs are repaired significantly better than pyrimidine-pyrimidine mismatches or large IDLs, with C͞C mismatches being refractory to repair and G͞T mismatches being one of the most efficiently repaired (12) . These results demonstrate an inverse correlation between the Fig. 4 . Surface plot of a Taq MutS-783Tbulge DNA complex. White arrows point to free MutS dimers on the surface. Red and blue arrows point to two dimers in a MutS tetramer bound to the DNA. The horizontal distance between the peaks of those two dimers is 9 nm. The vertical distance between the peaks of those two dimers is 0.7 nm.
facility of DNA bending (or kinking) and the efficiency of repair, supporting our assertion that the unbent state is the URC that signals repair. In addition, the observation that mismatches are more efficiently repaired in GC-than AT-rich DNA is consistent with this idea (42) , because in general, AT-rich DNA is more easily bent than GC-rich DNA (43) . Similarly, it is consistent with the observation that MMR is less efficient on mismatch bases that are looped out and extrahelical (44) , because such mismatches should be easier to bend. Finally, this idea explains the observation that yeast MSH2-MSH6 (yMutS␣) binds tightly to palindromic mispairs, but a ternary complex including MSH2-MSH6 and MLH1-PMS1 (yMutL␣) does not form in the presence of a palindromic mispair in vitro, and palindromic mispairs are refractory to MMR in vivo (45) (46) (47) . Specifically, palindromic mispairs are statically bent (48) , providing a good substrate for binding; however, they would be difficult to unbend, which is required to form the URC that, in turn, would make them refractory to repair. Our observation of an unbent state that is unique to complexes containing mismatches provides an answer to the long-standing question of how MutS achieves repair specificity and can explain why binding of E. coli MutS to a mismatch does not necessarily lead to its correction (12) . MutS presents an unusual case, however, in that the unbent URC is slightly less stable than the bent IRC at the specific site. Based on the above discussion, whether the downstream events that lead to repair will occur is expected to be determined by the ability of MutS to adopt the unbent URC. Consequently, if the unbent state were significantly more stable than the bent state, MutS-homoduplex complexes could adopt the unbent state, and futile cycles of repair would occur. In addition, by evolving such that the unbent URC is only modestly stable relative to the bent IRC, MutS can recognize the mismatches that occur more often during DNA replication, such as G͞T mismatches, more efficiently than the mismatches that occur less often, such as C͞C mismatches (39, 49) .
The requirement for the formation of the bent IRC prevents homoduplex DNA from being futilely repaired, and the relative stability of the bent IRC and unbent URC can explain the general trend in MMR efficiencies. The questions remain of why an unbent conformation would be more stable at a mismatch than at a homoduplex site, and how the unbent state provides specific mismatch recognition. One plausible explanation for these questions is that in the unbent URC, one of the mismatch base partners is flipped out and interacting with MutS. In this way, MutS could achieve specific recognition of a mismatched base, and the unbent state with a base flipped out would be more stable at a mismatch than at a correctly paired base (50) . Such mechanisms have been found for other DNA repair enzymes, such as DNA glycosylases and T4 endonuclease V (51) .
Conclusion
MutS appears to have evolved an unusual mechanism of specific site recognition, in that it bends the DNA in search of its specific site and, on specific site recognition, uses the energy stored in the bent DNA to help drive the conformational change in MutS that leads to the formation of the specific unbent recognition complex. As such, MutS represents an example of a protein in which the formation of a bent complex precedes the formation of an unbent (straight) complex and not vice versa. These results demonstrate the dynamic nature of MutS-DNA complexes.
